Miniaturization of electronic devices aims at manufacturing ever smaller products, from mesoscopic to nanoscopic sizes. This trend is challenging because the increased levels of dissipated power demands a better understanding of heat transport in small volumes. A significant amount of the consumed energy is transformed into heat and dissipated to the environment. Thermoelectric materials offer the possibility to harness dissipated energy and make devices less energydemanding. Heat-to-electricity conversion requires materials with a strongly suppressed thermal conductivity but still high electronic conduction. Nanowires can meet nicely these two requirements because enhanced phonon scattering at the surface and defects reduces the lattice thermal conductivity while electric conductivity is not deteriorated, leading to an overall remarkable thermoelectric efficiency. Therefore, nanowires are regarded as a promising route to achieving valuable thermoelectric materials at the nanoscale. In this paper, we present an overview of key experimental and theoretical results concerning the thermoelectric properties of nanowires. The focus of this review is put on the physical mechanisms by which the efficiency of nanowires can be improved. Phonon scattering at surfaces and interfaces, enhancement of the power factor by quantum effects and topological protection of electron states to prevent the degradation of electrical conductivity in nanowires are thoroughly discussed.
Introduction
The ever-increasing world energy consumption is expected to growth more than 50% between 2010 and 2040. Energy resources to meet this demand can be classified into three categories, namely fossil fuels, nuclear resources and renewable resources [1] . Environmental risks and deterioration, limited reserves, acid precipitation and global climate change are a few of the many disadvantages of non-renewable resources (oil, coal, gas) and nuclear power. On the contrary, renewable energy sources come either directly or indirectly from the Sun and solar energy can be straightforwardly used for heating and generating electricity. Moving industry and home energy needs towards environmentally friendly sources will eventually make nonrenewable energy demands dwindle.
In a recent review, He and Tritt highlighted the fact that heat and electricity are two very different forms of energy [2] . Heat is a ubiquitous energy, but with low quality. In the opposite end, electricity is a versatile energy resource, but its production is demanding. In this context, thermoelectricity aims at finding efficient bridges between them. Converting heat emanating from a hot source such as the Sun, engines and boilers directly into electricity lies at the very heart of thermoelectric devices. Similarly, refrigerators and heat pumps without moving parts or greenhouse gasses driven by an electric current is another niche application in thermoelectricity.
From a fundamental point of view, thermoelectricity research heads towards developing new materials with high performance as well as exploring innovative physical mechanisms for heat-to-electricity conversion. The so-called dimensionless figure of merit ZT dictates the thermoelectric efficiency of the system [3] . Its definition is ZT = σS 2 T /κ, where S stands for the Seebeck coefficient, and σ and κ are the electric and thermal conductivities at a temperature T [4] , respectively. Most researchers consider a value of ZT of the order of 3 the minimum for widespread applications. With some exceptions, however, bulk materials are well below this limit but progress has been made in the last few years. For instance, Zhao et al. reported a value of ZT = 2.6 ± 0.3 at 923 K in a simple layered crystalline material, SnSe [5] . But the major drawback of thermoelectric devices still is the low efficiency compared to other energy-conversion technologies.
The unfavorable interdependence of S, σ and κ ravels the efforts to implement strategies for improvement, especially those based on non-toxic materials. It is necessary to minimize the thermal conductivity κ while keeping the power factor σS 2 high. Thermoelectric efficiency is constrained by the Wiedemann-Franz law in bulk metals, implying that the ratio κ/σT is independent of temperature [6] . This ratio is also known as the Lorenz number, and within a degenerate electron gas model it is calculated as L = κ/σT = (1/3)(πk B /e) 2 = 2.45 × 10 −8 WΩ/K 2 , where k B is the Boltzmann constant and e is the elementary electric charge. Most common metals are found to agree with this value of L within 10% at room temperature.
It is most important to bear in mind that both electrons and lattice vibrations can contribute to the heat current through a system subjected to a temperature gradient. Consequently, thermal conductivity splits as κ = κ el + κ ph . It is then apparent that reducing the lattice thermal conductivity κ ph by increasing phonon scattering is one of the most promising pathways to achieving good thermoelectric materials. This is especially relevant in materials with low electron density, such as semiconductors and insulators, because the electron thermal conductivity κ el is expected to be small. Tailored crystal structures can help reducing the contribution of the lattice to the thermal transport. Olvera et al. demonstrated that ZT values as high as 2.6 at moderate temperature (≤ 850 K) can be attained in Cu 2 Se matrix upon partial dissolution of In and atomic-scale incorporation of CuInSe 2 inclusions [7] . This remarkable performance was attributed to the localization of Cu + ions induced by the incorporation of In into the crystal lattice, which reduce the thermal conductivity of the nanocomposites.
In a simple approach, the heat-carrying phonons can be pictured as a classical gas of particles and the kinetic theory predicts that the lattice thermal conductivity is κ ph = (1/3)C v v ph , with C v as the specific capacity of the phonons at constant volume, v the phonon velocity and ph the phonon mean free path [8] . At temperatures of the order of the Debye temperature the specific capacity is essentially constant and, consequently, a decrease of the phonon mean free path leads to a lower value of the lattice thermal conductivity. Defects can reduce both contributions κ ph and κ el to the thermal conductivity but they have the adverse effect of decreasing the electric conductivity σ as well. Anharmonic effects also contribute to lower the mean free path via phonon-phonon interactions. For instance, Morelli et al. reported measurements of the thermal conductivity of high-quality crystals of the cubic I-V-VI 2 semiconductors AgSbTe 2 and AgBiSe 2 [9] . In these materials heat conduction was found to be dominated by the lattice term and strong phonon-phonon interaction makes the phonon mean free path equals the lattice parameter.
The advent of nanotechnology has renewed attention on thermoelectric efficiency and material development at small scales. Miniaturization of electronic devices for novel applications has brought with it new challenges, such as excessive heating and subsequent power consumption and material degradation [10] . In this scenario, thermoelectric devices can be used for cooling the system and reducing power consumption. Remarkably, it is now well established that nanometer-sized objects may exhibit thermoelectric efficiency unachievable with bulk materials [11] [12] [13] [14] [15] [16] [17] [18] . In particular, quantum effects enable going beyond the limitations stemmed from the classical Wiedemann-Franz law. For instance, nanodevices displaying sharp resonances in the electron transmission (such as Fano lineshapes) are considered ideal candidates for thermoelectricity at the nanoscale because the ratio σ/κ el increases well above the Wiedemann-Franz limit [19] [20] [21] [22] [23] [24] [25] [26] . Nanometer-sized objects display enhanced phonon scattering due to their reduced size even in the absence of anharmonic effects or Umklapp processes. Combined with the sharp resonances in the electron transmission mentioned above, size effects in nanostructures yield high values of ZT .
Among a vast amount of different nanostructures with potential application in thermoelectricity, such as quantum dots, nanoribbons, nanorings and nanoparticles, nanowires (NWs) stand out for several reasons. A number of recently developed techniques enable the growth of NWs of various materials with different diameters, cross sections (square, hexagon, triangle), crystal orientations, dopings, surface roughness as well as core-shell structures [27] [28] [29] [30] . Precise control of the physical and chemical properties of the NWs enables the effective decoupling of electric and thermal conductivities, thus achieving ZT one or two orders of magnitudes larger than in their bulk counterparts, as was shown in Si [17, 18] , ZnO [31] , Bi 2 Te 3 [32, 33] , SiGe [34] , CdS [35] and SnSe [36] NWs. The coreshell nanostructuring also contributes to lower the thermal conductivity of Bi 2 Te 2 S-Bi 2 S 3 , Bi 2 Te 3 -Bi 2 S 3 , Ge-Si, and PbTe-PbSe NWs due to the scattering of phonons at the heterojunction (see Ref. [37] and references therein).
In this review, we will concern ourselves with experimental and theoretical research in thermoelectric NWs, with an emphasis on general features independent of specific material systems. The review is organized as follows. In section 2 we discuss some major achievements concerning the improvement of the thermoelectric properties of nanostructures (NWs, nanoribbons, quantum rings) relative to their corresponding bulk counterparts. Section 3 deals with novel topological insulators and the relevance of their protected surface states on the thermoelectric trans-port. In section 4 we review the peculiarities of the thermoelectricity based on organic NWs. Section 5 focuses on the various fabrication techniques available for growing NWs. Theoretical aspects and approaches commonly used in thermoelectric research will be briefly presented in section 6. Applications of NWs in thermoelectric devices is the subject of section 7. Finally, in section 8 we will summarize and draw some general conclusions and prospective.
Thermoelectric response of nanowires and nanoribbons
Although ballistic electron transport in nanostructures pave the way for achieving more efficient thermoelectric devices [38] , a concomitant decrease of the thermal conductivity is required. Graphene is a paradigmatic example of how nanostructering can improve thermoelectric performance. It is foreseen as a promising candidate for superseding Si in future nanoelectronics and its properties can be tailored to meet these criteria. Combined with hexagonal boron nitride, graphene can be efficiently used for onchip cooling solutions due to enhanced power factor [39] . Nevertheless, bulk graphene possesses one of the highest lattice thermal conductivities [40] [41] [42] and its overall ZT value is thus quite low [43] . But the thermal conductivity κ can be greatly reduced in graphene nanoribbons by rough edges [44] , H-passivation [45] , patterning [46] [47] [48] [49] [50] or hybrid nanostructuring schemes [51] , as compared to bulk graphene. In bulk, the thermal conductivity of graphene reaches values about 2000 -4000 W/mK [52] while it is about an order of magnitude smaller in nanoribbons [53] .
Additionally, non-equilibrium molecular dynamics simulations above 100 K show that narrow graphene nanorings can efficiently suppress the lattice thermal conductivity as compared to nanoribbons of the same width [54] . Fig. 1 shows the lattice thermal conductivity at room temperature of graphene nanoribbons and nanorings of widths up to 6 nm. κ th increases monotonously with W in both cases, in agreement with previous results [53, 55] . Nevertheless, the values shown in Fig. 1 are well below the thermal conductivity of bulk graphene. Most importantly, the occurrence of different types of edges (armchair and zigzag) in nanorings leads to a mismatch of the vibrational modes [46] and stronger scattering at the bends [47, 56] . The increased scattering of vibrational modes in nanorings results in a sizable reduction of the lattice thermal conductivity as compared to nanoribbons [54] . The corresponding values of ZT are expected to be high due to the presence of sharp and asymmetric resonances in electron transmission that increase the Seebeck coefficient [11, 12, 19, 57, 58] .
Semiconductors have a lower carrier density and typically the thermal conductivity is dominated by the atomic lattice. Current electronic technologies rely on Si but its thermal conductivity κ ∼ 150 W/mK [59] at room temperature is too high for thermoelectric applications. Decreasing temperature yields lower values of the thermal conductivity κ ∼ 35 W/mK [60] but the power factor is reduced too. However, Si nanostructuring takes advantage of reduced-geometry effects to enhance phonon scattering while keeping electric properties almost unchanged. In this context, numerical simulations on thin-film lateral architecture of thermo-converter have recently proved that 10 nm thick Si has efficiency 10 times larger than bulk [61] . Stranz et al. fabricated Si pillars, produced in a waferscale top-down process by cryogenic dry etching followed by thermal oxidation and oxide stripping, and characterized Si pillars for thermoelectric devices with diameters from 2 µm down to 170 nm [62] . They found a reduction of thermal conductivity with the pillar diameter that were in agreement with a phenomenological model based on empirical results from Si NWs grown by the vapour-liquidsolid method. The estimated thermal conductivities for the 1000 nm and 700 nm were found to be 110 W/mK and 104 W/mK, respectively. High-density and large-area vertically aligned porous Si NW arrays with different length, porosity and diameters have been successfully fabricated on the two sides of Si substrate using a simple metalassisted chemical etching method by Zhang et al. [63] . They reported a high ZT value of 0.493 at room temperature, which is 77 times higher than that measured in bulk Si (ZT = 0.0064). Ordered dense arrays of p-type Si NWs were produced with a vapor-liquid-solid (VLS) method by Calaza et al., who estimated that ZT values ranged from 0.30 to 0.93 [64] .
Similarly, the introduction of large concentrations of vacancies in Si nano-films causes a 20 fold reduction in thermal conductivity [65] . A remarkable enhancement of the thermoelectric performance of narrow Si NWs was reported by Boukai et al. [18] . Fig. 2 shows the temperature dependence of the thermal conductivity and ZT of Si NWs of 10 and 20 nm width. It is observed a 200 fold reduction in thermal conductivity and a 100 fold enhancement in ZT . By independent measurements of the Seebeck coefficient, the electrical conductivity and the thermal conductivity, combined with theory, they attributed the improved efficiency to phonon scattering effects. The reduction of the thermal conductivity by nanostructuring is expected to apply to other classes of semiconductor nanomaterials [66] . 
Topological insulator nanowires
Topological insulators are generally defined as a class of topological materials that cannot be adiabatically connected to the vacuum without closing the insulating gap. This in turn leads to gapless modes at the boundary of these materials whilst the bulk remains an insulator [67] [68] [69] [70] [71] . The topological robustness is ensured as long as some discrete symmetries of the bulk are preserved, such as time-reversal symmetry [72] . In three dimensions, examples of such materials include Bi 1−x Sb x [73] . Although experimentally discovered in 2008, the band gap of this alloy is rather small and it therefore limits its applications to low temperatures. A year after, a family of materials including Bi 2 Se 3 , Bi 2 Te 3 and Sb 2 Te 3 was put forward [74, 75] . Interestingly to this review, Bi 2 Te 3 is also a well-known thermoelectric material [72] . A subclass of topological insulators that rely on crystalline symmetries has also been experimentally realized in Pb 1−x Sn x Te [68, 76, 77] and Pb 1−x Sn x Se [78] . All these topological states of matter where already encountered in a series of seminal papers by Volkov and Pankratov in the 1980s [79] [80] [81] [82] [83] [84] . Remarkably, these states can be reshaped by means of external electric and magnetic fields [85] [86] [87] [88] and doping [89, 90] . Another example of these such states can be found in HgTe. However, as a result of the crystalline symmetries in HgTe, there is a degeneracy at the Γ point and, consequently, HgTe is a semimetal. A topological insulating behaviour can be observed by lowering these symmetries. A pioneering prediction in this direction was put forward by Bernevig et al. [91] and later confirmed by König et al. [92] . In their work, the subbands originating from a quantum well do have an energy gap. Just like in other heterostructures, as the width of the well is increased, the hole-like levels (p-like) move upwards in energy, whereas the electron-like levels (s-like) move downwards. However, differently to other heterostructures, the band-edge alignment in this material is such that the electron-like and hole-like levels can be inverted when a certain width is exceeded. As a result, there is a parity inversion above a certain critical width. It was shown by Fu and Kane [93] that the system undergoes a topological phase transition where a Z 2 topological invariant changes from ν = 0 to ν = 1 due to this parity inversion. The quantum well set-up implies the observation of a two-dimensional topological insulator in HgTe. A route to have HgTe as a three-dimensional topological insulator is to apply strain on it, which can be done by using CdTe as a substrate during growth since it has a slightly different lattice constant. Nevertheless, the strain-induced energy gap is relatively small in comparison to the other materials presented above [94] .
From the discussion above, it can be drawn that most topological insulator materials are based on heavy elements and display relatively narrow band gaps. The combination of these two features causes topological insulators, such as bismuth telluride (Bi 2 Te 3 ) and selenide (Bi 2 Se 3 ), antimony telluride (Sb 2 Te 3 ) and tin telluride (SnTe) to perform as high-efficient thermoelectric materials at room temperature [95] . In the last few years, a large number of theoretical and experimental investigations have been conducted to elucidate the mechanisms that ultimately lead to high power factors and low thermal conductivities in topological insulators. On the one side, heavy elements enhance relativistic effects and lead to narrow gaps which are favorable for room-temperature thermoelectricity [96] . Furthermore, heavy elements are subjected to strong relativistic corrections, leading to the bulk band inversion discussed above. On the other side, heavy elements tend to reduce the lattice thermal conductivity κ ph of the material. All these traits yield a significant improvement of the thermoelectric efficiency [97] .
It is generally believed that phonon mean free paths, ph , are much longer than those of electrons, el . NWs were predicted long ago to exploit this difference in order to achieve a significant reduction of the lattice thermal conductivity while maintaining good electric properties [11, 12] , provided that their diameter is larger than el but smaller than ph . However, recent ab initio simulations in Dirac materials (p-type SnTe) have shown that this is not necessary the case due to the selective filtering of long el that are harmful to the Seebeck coefficient [98] . Most interestingly, the robustness of the topological surface states makes them ideal candidates to prevent the detrimental effects of surface roughness and defects on the electrical transport of NWs. [106] NWs. In Sec. 6 we will further discuss the origin of these surface states.
Organic nanowires
Organic materials, basically polymers, do not present most of the disadvantages as compared to inorganic materials. They are, in general, non toxic, there is abundance of the raw materials, they can be flexible and scalable, implemented in large areas such as facades and windows. On the other hand, they have a low thermal conductivity in bulk form, one of the major problems limiting the efficiency in bulk semiconductors in thermoelectricity. Intrinsically conducting polymers have been successfully used in the last ten years [107, 108] providing a ZT up to 0.4, the same order of magnitude than that obtained with inorganic materials. However, there is no clear route to improve the efficiency of organic materials. Polymers are disordered materials with long chains and the typical theoretical models to analyze the thermal properties are phenomenological, based on the hopping of electrons from one polymer chain to another.
In principle, polymers are built or grown as disordered chains, difficulting the electronic transport [109] . But, since these chains are one dimensional, restricting the dimension of the material, i.e. going from thin films to NWs, the chains must be ordered along the NWs and in the case of thin NWs a crystallization appears, i.e., the existence of long range order [110, 111] . Actually, there are theoretical predictions [112] giving a ZT≈ 16 for PEDOT:PSS and poly(3-hexylthiophene-2,5-diyl) (P3HT) NWs, which are referred to as molecular nanowires. Muñoz Rojo et al. studied the thermal conductivity of P3HT NWs embedded in anodized aluminum oxide matrix [110, 111] . They have analyzed the thermal conductivity of single P3HT NWs of several diameters (120, 220 and 350 nm) by means of a scanning thermal microscope in a 3ω configuration. The resulting thermal conductivity κ for the NWs was found to be 0.50 W K −1 m −1 for the NW with 120 nm diameter, 0.70 W K −1 m −1 for that with 220 nm diameter and 2.29 W K −1 m −1 for the one with 350 nm diameter. They also measured the thermal conductivity of the composite, which decreases with decreasing diameter. They claim that the decrease is due to a poorer crystallization of the polymer inside the alumina nanochannels for the smaller diameters studied. So, the better the polymer is aligned the higher their thermal conductivity.
There are only a few works on pure polymer NWs. One interesting study was performed by Zhang et al. [113] on PEDOT NWs doped with FeCl 3 (C-PEDOT) and Fe(Tos) 3 (T-PEDOT), deposited as a thin film. The Seebeck coefficient was around 20.8 µV/K while the electrical conductivity was 236 S/m for T-PEDOT and 541 S/m for C-PEDOT, giving a power factor of 10 and 23 µWK −2 m −1 , respectively and mobilities as high as 1 and 4.5 cm 2 V −1 s −1 , respectively. The enhancement of the Seebeck coefficient was explained based on X-ray photoelectron spectroscopy (XPS) measurements. Since the doping levels were similar, the fact that the Seebeck coefficient is practically the same suggests that the shape of the density of states around the Fermi level is the same. On the other hand, grazing incidence wide-angle X-ray scattering show some peaks coming from the amorphous phase, while there are some features indicating the crystallization of PEDOT when grown in the form of NWs. The position of these peaks, a smaller spacing between conjugated molecules which increases the π − π interaction and an increase in the charge transfer is given as the reason for the improvement. The suggestion was confirmed from electron spin resonance measurements. Another study on PEDOT NWs is that of Taggart et al. [114] where the NWs were grown by means of lithographic techniques on Si 3 N 4 -coated Si substrates. They are actually flat, with 40 − 90 µm thickness, 150 − 580 nm width and as long as 200 µm. They obtain a Seebeck coefficient up to −122 µV/K and an electrical conductivity up to 40 S/cm. Mobilities were of the order of 9−12 cm 2 V −1 s −1 . The power factor was of the order of 10 −6 W m −1 K −2 . Most of the works developed on organic NWs are actually in polymer nanocomposites. We can distinguish two types of composites. Most of the NWs mentioned before are doped or mixed with semiconductors or metals (mostly graphene). But there is a second kind of polymer/metalsemiconducor complexes that consists actually of the immersion of semiconducting or metallic NWs in a polymer matrix, i.e. the NWs are not the organic part. In this second class of NWs we can cite some interesting works. Abramson et al. [115] built a thermoelectric device based on Si NWs embeded into a polymer matrix (parylene). The thermal conductivity of the composite seems to be very close to that of the perylene (≈ 5 W m −1 K −1 ) while they estimated a theoretical value of 1.3 Wm −1 K −1 . They also estimate the figure of merit of the system, being of the order of 3.6 × 10 −4 .
Fabrication techniques
Thermoelectric NWs have been prepared by different techniques. In order to review the different approaches used to fabricate them, we divide those techniques into bottom-up (when the NW is created from smaller building blocks) and top-down techniques (when the NW is cut out from a bigger piece). Both approaches have advantages and drawbacks [116] . In general, the bottom-up approaches are more advantageous than the top-down because they have a better chance of producing less defected nanostructures, with a high control over chemical composition, more homogeneity, and they can have better ordering both in the short and the long ranges. Also, when thinking about scalability, in most cases bottom-up methods are cheaper and can be produced in large areas. In the case of top-down methods, it can be claimed that they are more reproducible regarding crystallinity, doping, and composition by controlling the properties of the bulk material and that those are then transferred to the NWs once etched from the bulk. A comparison of both types of technologies is summarized in Table 1 . As it can be observed, both approaches have advantages and disadvantages and nowadays, depending on the application and on the properties of interest, both types of methodologies can be used, being one more appropriate for certain cases.
A summary of some of the bottom-up and top-down fabrication methods applied to the manufacture of thermoelectric NWs are compiled below.
Bottom-up thermoelectric nanowire fabrication 5.1.1. Nanowires grown from vapor phase
Several routes for the fabrication of thermoelectric NWs have been developed in the past based on their grown from metal nanoparticles. The most commonly used is the chemical vapor deposition (CVD) method to produce highquality Si NWs using metal nanoparticles as catalysts, being the mechanism used the vapor-liquid-solid (VLS) growth [117, 118] . This method was initially invented in Bell Labs in 1964 by Wagner and Ellis [117] and it has been widely investigated to produce Si, Ge, and Si/Ge NWs by several groups [17, [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] . The VLS mechanism consists of exploiting the catalytic properties of metal nanoparticles deposited on Si substrates. Then, at high temperatures (normally between 300 and 800
• C depending on the precursor) these nanoparticles on Si are exposed to a vapor phase precursor of the NW material, like silane (SiH 4 ) and/or a germane (GeH 4 ), which forms a eutectic with the metal. Under certain conditions, the supersaturation of the silicon/metal or the germanium/metal alloy is produced and the Si and/or Ge crystallization is produced under each metal nanoparticle. Therefore, a unidirectional NW growth progresses under the nanoparticle. In this method, the selection of the appropriate precursor has been shown to be crucial, while the size of the metal particle and the growth temperature determine the NW diameter and the crystallinity of the NW. The doping, in this case, can be obtained by adding PH 3 and B 2 H 6 gases in the VLS chamber, for example. In such a way, the Si NWs can be n or p doped, respectively. Nevertheless, it should be taken into account that the addition of these doping gases can modify the directional growth of NWs with a diameter smaller than 50 nm [134, 135] . Some of the main advantages of this growth method are its compatibility with Si technology and the facility to control doping composition and to make segmented NWs or core/shell. Finally, this is one of the few bottom-up methods that has been able to obtain the integration of arrays NWs into actual devices in a horizontal fashion and within trenches [136, 137] .
Apart from Si and Ge NWs, the VLS method from the gaseous phase has also been used to grow wires of III-IV compounds. However, it has been less applied to grow chalcogenides NWs, although it has been extended to prepare more complex thermoelectric materials in the form of NWs, like zinc oxide, indium selenide, gallium nitride, gallium arsenide, indium phosphide, Bi 2 Te 3 [138] or even topological insulator states like Bi 2 Te 3 [139] or Bi 2 Se 3 [140] .
A variation to the VLS methods is the vapor-solid-solid (VSS). In this method the NWs are produced at lower temperature than in VLS, which makes it more suitable for the production of devices since it is more compatible with standard industrial processes. As an example, Si/Ge hetero-junction NWs with abrupt interfaces have been synthesized by VSS [141] .
Another classical method that has been frequently used to grow high-quality heterostructures is molecular beam epitaxy (MBE). This method, when it is performed on a substrate with metal impurities, can generate semiconducting NWs similarly to the way VLS does [142, 143] The main difference is that in MBE the metallic impurities do not act as a dissociating agent for the precursor, but promote the NWs growth [142, 144, 145] . This method provides high control over the crystallinity and doping of the NWs, although it has a slow growth rate. By this method, several semiconductor NWs have been prepared, but only a few of them (like Bi 4 Te 3 [146] ) have been studied as thermoelectric.
Nanowires grown from solution
These types of techniques have the advantage that they can produce large quantities when compared to other methods. Examples of these fabrications methods are:
1. The hydrothermal/solvothermal synthesis, which can produce NWs in a high-pressure solution-based environment. The NWs are produced at high rates. This technique is suitable for thermoelectric materials with high anisotropy which exhibit a preferential growth direction, such as Bi 2 Te 3 [147] , SbTe [148] , PbTe [149, 150] . If the synthesis is done in water, then it is called hydrothermal and if it is done in other solvents, it is referred to as solvothermal.
2. Heterostructured Bi 2 Se 3 NWs [151] and PbTe nanorods [152] have been shown to be possible by sonoelectrochemical processes in aqueous solution at room temperature.
3. Si and Ge NWs have also been grown by thermolysis employing a supercritical fluid-liquid-solid growth method [153, 154] using metal nanoparticles as seeds 
Approach General advantages General disadvantages
Top-down
• Well-developed techniques.
• Well known microfabrication tools.
• High cost.
• Not quick to manufacture.
• Limited to "countable"number of structures, though this number may be billions and billions.
• Not suitable for large-scale production.
Bottom-up
• Able to build smaller structures than most top-down approaches.
• Large-scale fabrication.
• Low cost.
• Require compatible surfaces or molecules.
• Fewer tools to manipulate molecules and atoms.
• Developments needed in precise positioning of the NWs with respect to contacts and connections,
• Improvements for better electrical connections are required.
[155] (as it was made in the previous section). In such a way, when Si and Ge organometallic precursors are supplied into the chamber filled with a supercritical organic solvent, like toluene, NWs are grown.
4. Sb 2 Se 3 NWs were grown by using the so-called polyol synthesis method [156] based on the synthesis of metallic nanostructures in high-boiling temperature alcohols.
Finally, we will discuss the method that is probably the most widely used to grow thermoelectric NWs: growth inside a template. We will review the kinds of templates more used as well as the fabrication methods of the NWs within them. To begin with, there are two main templates that have been used to grow thermoelectric NWs: iontrack membranes and anodic porous alumina.
On the one hand, ion track membranes are prepared by irradiating a thick polycarbonate foil with a high-energetic ion beam. Each ion generates a damage track along its trajectory. Then, the tracks are selectively etched by introducing the membrane into a concentrated NaOH solution at 50
• C. This produces cylindrical nanochannels randomly distributed, whose diameter increases linearly with the etching time. On the other hand, anodic porous alumina templates are prepared by anodizing an aluminum foil. The cylindrical pores get arranged in a long-range hexagonal fashion with tunable pore diameters ranging from 8 to more than 350 nm depending on the voltages and acids used during the anodization [157] [158] [159] [160] [161] . Moreover, such templates are mechanically and thermally stable.
Although other methods like atomic layer deposition (ALD) have been used to fill the hollow templates described above [162] , the most common method found in literature to nanoengineer thermoelectric materials inside the templates has been electrodeposition (ED), so far. The main reason behind this trend is that the materials can be obtained near room temperature, the low fabrication cost, its high deposition rates, and the ability to tailor the properties of the materials by adjusting ED parameters. It is worth mentioning that the ED can be also used for growing NWs outside a template, for example using the step edges of highly oriented pyrolytic graphite as nucleation sites and coalescence to obtain Bi 2 Te 3 [163] .
In order to electrodeposit inside the pores of the templates, for both types of templates, a metal layer (Ag, Au, Pt, Ni) is first deposited on one side of the membranes. This layer acts as a cathode during the electrochemical deposition, when immersed in an electroplating bath containing the semiconductor ions. A three-electrode electrochemical cell is generally used as the main deposition process when using these type of templates, due to its very high growth rates, great control, easy to up-scale to an industrial level, very simple apparatus and experimental procedure.
By using both type of templates, different thermoelectrics have been prepared by electrodeposition [164, 165] from water solution or using organic solvents like dimethyl sulfoxide (DMSO), such as Bi [166] [184] .
Regarding the fabrication of polymeric thermoelectric NWs, they have been also obtained by polymer infiltrations inside porous alumina, as in the case of P3HT, which showed a correlation of the thermal conductivity with the orientation of the polymer when confined to one-dimensional structures [110, 114] . Also, polymer NWs can be fabricated via lithographically patterned electrodeposition, like in PEDOT to obtain long NWs, which show enhanced properties compared to bulk which can be also associated to the crystallinity of the confined polymer. Finally, in order to study the properties or free-standing NWs, the tem-plates can be dissolved selectively, using organic solvents in the case of ion-track membranes and using acid or bases in the case of porous alumina templates. Subsequently, the NWs can be obtained in solution for measurements in single entities.
A step towards the integration of thermoelectric NWs in real bulk devices is the synthesis of three-dimensional interconnected NW networks, like the Bi 2 Te 3 NWs networks shown in Fig. 3 , based on the electrodeposition inside three-dimensional porous anodic alumina templates developed in 2014 [185] , which consists of NWs connected periodically with each other by transverse channels of the same material, forming a kind of self-sustained scaffold that can hold together even when the matrix is dissolved. In these kinds of three-dimensional templates, thermoelectric materials have been grown via ED [185] [186] [187] showing a reduction in their thermal conductivity due to the nanostructuration [187] . Another approach for the integration of thermoelectric NWs in actual devices is the smart integration of Si NW arrays in micro-nanogenerators [137, 188] , also shown in Fig. 3 . 
Top-down thermoelectric nanowire fabrication
The top-down approaches are mainly devoted to the fabrication of Si NWs. These NWs have been grown on Si wafers by different advanced lithographic tools, such as electron beam lithography [189, 190] , atomic force lithography [191] [192] [193] , and even optical lithography [194, 195] . Etching, oxidation and other fabrication processes are then used to define structures with nanometric dimensions. As an example of the latest evolution in this field, the minimum feature size that can be achieved with these techniques is of less than 1 nm for scanning probe lithography [196] , under 5 nm for direct-write charged particle lithography [197] , around 10 nm for both nanoimprint lithography [198] and optical lithography [199] , and via interference lithography, features down to 15 nm can be achieved.
Apart from mentioning the possibility of obtaining structures of a few nanometers, we will not enter in much detail in the top-down fabrication methods for the fabrication of thermoelectric NWs given that it is somewhat more complex compared to the bottom-up approach that allows for the massive, low-cost production of nanostructures. However, we should point out that the top-down fabrication approach allows for the simultaneous fabrication of nanostructures and NWs together with contacts, connections and control gates, so that the fabrication process yields fully functional devices, which is advantageous for some applications. Moreover, top-down fabrication techniques such as the fabrication of rough Si NWs by aqueous electroless etching presented by Hochbaum et al. [17] demonstrated how the roughness in the NWs can decrease the thermal conductivity and thus, enhance the thermoelectric properties.
Another interesting top down method to produce vertically aligned NWs is the so call metal-assisted chemical etching (MACE). In this method a few nanometer noble metal thin film is deposited on top of the thermoelectric material of interest. Then, this is immersed in an acid solution (normally HF) and an oxidant (normally H 2 O 2 ). Under these conditions a redox reaction occur (electroless etching) and the initial process leads to the rupture of the metallic film into nanoparticles. While the process continues the nanoparticles etch away the semiconductor underneath generating tracks that leads to the formation of NWs in the areas where no nanoparticles were present. With this procedure vertical NWs of different thermoelectrics can be generated with typical length of 1 − 100 µm depending on the etching time [200] . Nevertheless, generally speaking, top-down approaches are mainly used for Si and related materials, which are not the best candidates for thermoelectric applications.
As it has been shown through this section, there are several fabrication techniques that can be used to grow NWs and NW arrays using different approaches. Nevertheless, the final choice of the fabrication technique suitable for each application requires not only taking into account the ultimate resolution but other aspects, like the final configuration. As an example, anodic porous alumina and ion track-etched membranes are normally used when vertically aligned NWs are needed (out of plane configuration). Similarly, interference lithography is more suitable if the desired configuration is in the plane. Sometimes different techniques are used synergistically to obtain the desired result. As already seen in Table 1 , all the approaches have benefits and drawbacks and the most adequate fabrication technique must be identified, depending on the final objective of the thermoelectric NW.
Theoretical aspects

Electron transport in nanowires
In this section we address the calculation of the electron contribution to charge and heat currents. In the linear response regime, carrier transport is driven by small driving forces, viz., electric field E and temperature gradient −∇T . Thus, the charge i and the heat j current densities along the NW axis obey the equations
where the transport coefficients L ij form the Onsager matrix.
The semiclassical picture of electronic conduction assumes that electrons undergo scattering processes with an average collision time τ . For a given background temperature T , electrons with energy E are distributed according to the Fermi function f (E) = 1/{1 + exp[(E − E F )/k B T ]} with E F the Fermi energy. At low T the collision time can be evaluated at E F and the contribution to transport arises from states around E F . Hence, the electric conductivity is given by [201] 
Here, D(E) is the density of states and m is the effective mass, which will henceforth be assumed to be independent of energy. The one-band model considers a single confined state in the transverse directions of the NW with energy ε 0 . In the transport direction, electrons are free, which amounts to having a parabolic conduction subband. Then, D(E) is proportional to θ(E − ε 0 )(E − ε 0 ) −1/2 with θ(x) the Heaviside function. The divergence of the density of states as E → ε 0 is characteristic of one-dimensional systems (van Hove singularity). Substituting in Eq. (2) one finds [12] 
where
is the Fermi-Dirac integral of order γ, as defined in Eq. (6) of Ref. [12] , that depends on η F = (E F − E 0 )/k B T and a is the NW width. Importantly, the lower limit of the integral in Eq. (4) has been shifted so that energies are evaluated from the subband bottom.
A similar calculation shows that the Seebeck coefficient
is independent of a. On the other hand, the functional dependence of κ el is a −2 like the electric conductivity (3)
where τ is the relaxation time. As a consequence, the figure of merit increases for decreasing a. Ideally, a narrow NW would be an excellent thermoelectric generator and cooler. Nevertheless, in the limit a → 0 quantum effects are unavoidable as we now discuss. When the NW is free of disorder, transport becomes ballistic and the semiclassical theory breaks down. A full quantum-mechanical calculation is then in order. Here, we briefly discuss the Keldysh-Green function approach, a powerful formalism that can treat both non-equilibrium situations and electron-electron interactions. The key object is the retarded Green function, G r (E). Quite generally, its analytic structure provide us with information about the excitation energies of the system and their lifetimes. The latter are encoded in the self-energies Σ α (E) labeled with a lead index (e.g., α = {L, R} for a NW connected to two terminals, left and right). NW electronic states decay into the the terminals due to tunnel effect. Therefore, the quantum mechanical transmission probability that an an electron traverses the NW is given by the following expression [202] T
where Γ α (E) measures the coupling between the NW and the two leads at an energy E. In mesoscopic transport, T (E) determines the conduction properties as shall be seen now. Within the Landauer-Büttiker formalism, the terminals are considered to be massive fermionic reservoirs in local thermodynamic equilibrium with well defined electrochemical potentials µ α = E F + eV α and T α = T + θ α (V α and θ α are the voltage and temperature biases, respectively). Their Fermi distribution functions should account for this:
Then, the electric and heat currents through the NW and measured at, say, the left lead are expressed as
To compare with Eq. (1) we expand Eqs. (8) and (9) up to first order in V α and θ α , yielding [203] 
with
Here, the subscript "eq"means equilibrium (V = θ = 0) and f = ∂f /∂E. The transmission function given by Eq. (7) is also calculated at equilibrium. The first equality of Eq. (11b) is ensured by reciprocity between charge and heat transport in linear response. For extensions into the nonlinear regime of transport, we refer the reader to the review of Ref. [204] . We now need to assess the Green function. For independent electrons, G r (E) reduces to the resolvent of the system Hamiltonian, G r (E) = (E − H + i0 + ) −1 , where H = H l + H w + H t is split into the Hamiltonian for the leads H l , the Hamiltonian for the NW H w , and the tunnel term that couples both subsystems H t . For definiteness, we consider that the wire is a hollow tube of radius R. In polar coordinates the NW Hamiltonian reads
The case with applied magnetic fields can be treated with an appropriate change of the momentum operator [205] . The eigenstates of Eq. (12) are ψ = e iϕn e ikx with n = 0, ±1, ±2 . . . and k the wavevector. These states represent traveling waves along x and their energies, E = 2 k 2 /2m+ ε n with ε n = 2 n 2 /2mR 2 , are described with parabolas vertically shifted as |n| (basically, the angular momentum) increases. If the NW cross section is a square of width a along the y and z directions, then the eigenergies are replaced with
2 , where n y , n z = 1, 2, . . . For more complex geometries, the Hamiltonian should be numerically diagonalized. For this purpose, a convenient approach is the quantum transmitting boundary method, which can deal with small conductors of arbitrary shape and couplings [206] and has been recently applied to thermoelectric transport [58, 207] .
For a fully transparent NW the energy dispersion determines the thermopower (Seebeck coefficient) since the transmission is simply unity if E > ε n and 0 otherwise. At zero temperature, the conductance given by Eq. (11a) becomes quantized as the energy increases, showing plateaus at multiples of e 2 /h [208, 209] . The situation is akin to a quantum point contact [210, 211] , where the constriction in a two-dimensional electron gas plays the role of a quantum wire. The thermopower of quantum point contacts has been studied both theoretically [212, 213] and experimentally [214, 215] . A salient feature is the oscillations of S as a function of the Fermi energy by gate modulation. This phenomenon can be understood from the Cuttler-Mott relation [216, 217] , which at low temperatures establishes a connection between the thermopower and the logarithmic derivative of the conductance
In those regions where G shows plateaus S is zero whereas in the transitions between plateaus the conductance increases, which causes peaks in the thermopower that are periodically spaced with the number of open channels. This oscillatory behavior has also been observed in InAs NWs with large subband splittings [218] . Interestingly, NWs serve as tools to test the quantum bound of thermoelectric power output [219] . It should be also noted that quantum dots can be formed inside NWs by epitaxially growing double tunnel barriers with semiconductor heterostructures. Then, the local density of states effectively becomes zero dimensional and the physics and thermoelectric properties accordingly change: Coulomb blockade effects due to charging effects [220] , interference induced power factor enhancements [221] , thermally assisted Kondo effects [222] , just to mention a few. We finish this discussion with a brief theoretical analysis of topological NWs. These systems are similar to coreshell NWs [see Eq. (12)] because both conduct electrons on the surface while the bulk remains insulating. However, carriers in topological (core-shell) NWs are Dirac (Schrödinger) fermions, which lead to metallic states protected from disorder as discussed in Sec. 3. This topology boundary can be understood by means of a linear-inmomentum Hamiltonian (12) [223] :
Here, σ y,z are Pauli matrices and v F is an interband matrix element having dimensions of velocity that can be assumed scalar. As such, v F is material dependent. The eigenstates of H w are spinors with an extra π factor due to the Berry phase that leads to a minimum conductance at zero magnetic field. The Hamiltonian given by Eq. (14) is an effective model within the envelope-function approximation. The energy bands in topological NWs also exhibit interesting differences. In contrast to Schrödinger NWs, topological spectra are not bounded from below. Further, the gap E G between positive and negative energies can be closed (Dirac point) upon application of a magnetic field. Hence, conductance becomes dominated by a perfectly conducting channel without backscattering, similarly to metallic carbon nanotubes [224] . If we take into account the spin degree of freedom, Eq. (14) becomes a 4 × 4 matrix [68, 71, [81] [82] [83] [84] 225 ]:
where α = (α x , α y , α z ) and β denote the usual Dirac matrices. The energy gap E G (ρ) depends on the radial coordinate ρ and takes on two values, namely E G,NW for 0 ≤ ρ ≤ R and becomes infinite otherwise. We note that Eq. (15) acts upon the envelope function F (r), which is a bispinor whose spinor components belong to two bands. We assume that H w possesses a translational symmetry along the direction of the NW, which implies that the axial momentum k x is a good quantum number. After solving the corresponding eigenenergy equation HF (r) = EF (r), a set of mid-gap states localized at the vicinity of the surface is found. The probability density P = F † · F depends only on the radial coordinate ρ. Fig. 4 shows P (ρ) for surface states with total angular momentum quantum number j = 1/2, namely the deepest state in the gap, for three different values of the radius of Bi 2 Te 3 NWs. It becomes apparent that surface states extend noticeably towards the center of the NW, especially in narrow ones. States with larger values of j have an energy closer to the band edges but their spatial extend is similar to the states with j = 1/2. The radial extent is given as 2 v F /E G,NW , being of the order of 4.1 nm in Bi 2 Te 3 and 2.8 nm in Bi 2 Se 3 [90, 226] . Topologically protected surface states are robust under perturbations such as defects and surface roughness. In this regard, several works have demonstrated that surface roughness is harmless for the electric conduction in narrow NWs [104, 140] . Most importantly, the lattice contribution to the thermal conductivity is reduced by the presence of the surface. For instance, non-equilibrium molecular dynamics simulations point out a noticeable reduction of κ ph in Bi 2 Te 3 NW [227] . Therefore, topological insulator NWs holds all the characteristics to be the building blocks of highly efficient thermoelectric devices. It is worth mentioning that there is a single key parameter characterizing the thermoelectric performance of topological insulator NWs, namely the surface-to-volume ratio. The thermoelectric coefficients change significantly with increasing this ratio, as it has been highlighted by several works [104, 106, 140, 228] .
Lattice thermal conductivity
The lattice thermal conductivity in semiconductors and insulators is usually the main contribution to the thermal conductivity of the material. For instance, Hernandez et al. reported that the contribution due to free charges is in some cases up to two orders of magnitude lower than the contribution due to phonons in SnSe NWs [36] . In this section we briefly discuss a number of theoretical approaches that are routinely used in the calculation of κ ph .
Non-equilibrium molecular dynamics
When the system is subjected to a temperature gradient ∇T , the heat current density j Q due to the atomic lattice satisfies the Fourier law
Non-equilibrium molecular dynamics (NEMD) simulations bring a straightforward method to calculate κ ph by applying a temperature gradient to the system and measuring the resulting heat current density [229] . In this approach, the trajectories of classical point particles (atoms) of mass M are obtained by numerically solving Newton's equations of motion. Atoms with initial positions and velocities are subjected to collisions governed by an empirical interatomic potential. At every time step, the force acting on each atom is obtained and then positions and velocities are updated [230] . This is an excellent approximation for a wide range of materials except when one considers light atoms or vibrational motion with frequency larger than k B T / . In these cases, quantum effects become important [230] . At lower temperatures, quantum corrections have been developed to mitigate this limitation [231] . In general, the classical treatment is valid whenever the mean interparticle distance is much larger than the thermal de Broglie wavelength h/ 2πM
The small size of a nanoscale system poses a question about the validity of Fourier's law (16) . In this regard, Kaiser et al. presented a thorough study on steady-state thermal transport in the nanoscale and concluded that Fourier's law is essentially exact in the diffusive and ballistic limits (see Ref. [232] and references therein for further details).
Wang et al. have calculated the phonon thermal conductivity of Si NWs using NEMD simulations with the empirical Stillinger-Weber potential model [233] and the Nosé-Hoover thermostat [234, 235] . The thermal conductivity dependence on temperature was found to agree well with experiments over a wide range of cross-sections and lengths [236] . Applying NEMD simulations, it was demonstrated that the thermal conductivity of Si NWs can be reduced remarkably by shell doping due to both impurity scattering and interface scattering associated with the peculiar structure of shell-doped geometries [237] . Similar effects were observed in Si NWs with faulted stacking layers [238] , porous Si NWs [239] and He-irradiated Si NWs [240] . Despite the general trend of an expected decrease of the thermal conductivity upon reducing the diameter of the NW, NEMD simulations with the StillingerWeber potential model of very narrow Si NWs (diameters smaller than 1.5 nm) predict an increase of this magnitude [241] . This enhancement has been attributed to phonon confinement effects (see also Ref. [242] ). Besides Si NWs, NEMD simulations were used to explore other systems, such as diamond NWs [243] .
Phonon Boltzmann transport equation
The semiclassical description of phonon transport based on the Boltzmann equation provides a computationally affordable approach to calculate κ ph for experimentally relevant sizes. Let v j (q) be the phonon group velocity, where q is the phonon wavevector and the subscript j refers to a particular phonon branch. The heat current density can be then obtained as [244, 245] 
where V is the volume of the system, ω j (q) is the phonon energy and n j (q) is the phonon distribution. In equilibrium it is given by the Bose-Einstein distribution function
In steady state, the phonon Boltzmann transport equation is written as follows
The first term represent the change of the phonon distribution due to the presence of the temperature gradient.
Assuming that the spatial variation of the temperature is small, it is found to be [244, 245] ∂ n j (q) ∂t
The second term in Eq. (19) takes into account the changes of the phonon distribution due to scattering by other phonons, charge carriers, defects and system boundaries. In the relaxation-time approximation it is given by
τ j (q) being the relaxation time. Collecting all terms, the phonon Bolztmann equation (19) turns out to be
Once the phonon Boltzmann transport equation is solved, the contribution of the lattice to the thermal conductivity is calculated with the aid of Eqs. (16) and (17) . For instance, in bulk one obtains the well-known KlemensCallaway's expression for κ ph (see Ref. [246] and references therein). Zou and Balandin [245] used the phonon Boltzmann transport equation (22) to study lattice heat conduction in a Si NW with dimensions comparable to ph , including the modification of ω j (q) due to spatial confinement and changes in n j (q) due to boundary scattering from the rough surface. Both effects lead to a significant decrease of κ ph . Similar conclusions were drawn by Abouelaoualim regarding Bi 0.95 Sb 0.05 NWs [247] . Huang et al. studied theoretically Si NWs and derived analytically an expression of the boundary scattering rate for phonon heat transport [248] . In addition to the general trait of a marked reduction of κ ph upon decreasing the NW diameter, they also found that the lattice contribution to the thermal conductivity decreases after reducing the fraction of specularly reflected phonons at the surface. In Ref. [249] , Yang et al. reported the dependence of κ ph on the surface conditions and the core-shell geometry for Si core-Ge shell and tubular Si NWs at room temperature. Their results show that the effective thermal conductivity changes not only with the composition of the constituents but also with the radius of the NW and nanopores.
First principles calculations
The reliability of NEMD simulations is generally affected by the choice of the phenomenological interatomic potential for the particles constituting the system. In other words, the employed potential needs to be sufficiently representative of the actual atomic interactions. Once the potential is set, NEMD simulations can handle a large number of atoms with modest computational resources. First principles methods, such as density functional theory (DFT), GW approximation or Bethe-Salpeter equation, are based on the laws of quantum mechanics and only need the fundamental physical constants as input, without invoking phenomenological fitting parameters. Although the number of constituent atoms in a simulation is limited, first principles methods provide a detailed insight into the interatomic potential that can be used in combination with NEMD simulations or phonon Boltzmann transport equation.
Combining equilibrium molecular dynamics, DFT and Boltzmann transport theory methods, Demchenko et al. provided a complete picture for the competing factors of ZT in ZnO and Si NWs, finding that ZT can be increased as much as 30 times in 0.8 nm-diameter ZnO NWs and 20 times in 1.2 nm-diameter Si NWs, compared with the bulk [31] . By decoupling the lattice and electron contributions to the thermal conductivity, they claimed that the improvement of the thermoelectric response was mainly due to the reduction of κ ph . Using a combination of DFT and Boltzmann transport calculations, Song et al. studied Bi 2 Te 3 NWs and concluded that the electronic thermal transport can be decoupled from the electrical conductivity by changing the density of surface states [250] . The same approach was recently employed by Akiyama et al. to propose a new way to design high-performance thermoelectric materials by controlling the polytype of Si and Ge NWs [251] . Similarly, using the same approach, Lu et al. demonstrated that Bi NWs present a largely enhanced ZT , of the order of 2.73 at room temperature, due to a significant reduction of κ ph [252] . The decline of the lattice thermal conductivity was attributed to the reduced phonon vibration frequency, the decreased phonon density of states and the shortened ph .
Applications
Thermoelectric materials are useful in power generation and refrigeration devices without moving parts. As already discussed above, it is now well established that thermoelectric properties can be largely improved by structuring it into arrays of NWs and carefully controlling their morphology and doping [18] . Besides fundamental knowledge on the interplay between electric and thermal transport, applications are a driving force in thermoelectric research as well [253, 254] .
NWs find a natural niche for applications in electronics as micro-and nano-generators due to a lower energy requirements (e.g. intelligent autonomous sensors) [255] . In particular, Si NWs present a reasonable balance between technological feasibility in current devices and fabrication techniques on one side and high thermoelectric efficiency compared to bulk Si on the other side [256] . In Ref. [188] Fonseca et al. presented two approaches for the integration of large numbers of Si NWs in a cost-effective way using only micromachining and thin-film processes compatible with Si technologies. Both approaches enable automated integration of stacked arrays of Si NWs with diameters below 100 nm for thermoelectric micro-nanogenerators. Similarly, Totaro et al. devised a top down process for the fabrication of nets of well organized and connected Si NWs, finding high reliability with respect to NW failure [257] . These nets of NWs are suited for high efficiency thermoelectric generators or for nanosensors. Fabrication and characterization of single, double, and quadruple stacked flexible Si NW network based thermoelectric modules have been reported by Norris et al. [258] . Remarkably, power production increased 27% from double to quadruple stacked modules, demonstrating that stacking multiple NW thermoelectric devices in series is a scalable method to generate power by supplying larger temperature gradient. Fieldeffect modulation of the thermoelectric response in multigated Si NWs allow the electric conductivity and Seebeck coefficient to be tuned, as demonstrated by Curtin et al. [259] . The reported power factor is similar to the highest values for n-type Si nanostructures. Potentialities of Si NW forest for thermoelectric generation have been recently discussed by Dimaggio and Pennelli in Ref. [260] , where they provide general criteria for improving energy conversion. Finally, let us mention that materials other than Si are currently under intense research as well. As an example, Choi et al. [261] have proposed a new system based on Te NW films hybridized with single-walled C nanotubes. The excellent mechanical stability and electrical conductivity of the nanotubes enhance the flexibility and thermoelectric properties of the pure Te NW film. These results indicate that the hybrid film would be promising for a potential use as a flexible thermoelectric materials.
Conclusions and prospective
A deep-rooted aim of thermoelectric research is concerned with improving the efficiency of the interconversion of heat and electricity in various ways. The quest for new and innovative material systems with increased heat-toelectricity conversion capabilities is one of the current goals in this active field. On the other side, recent advances in nanotechnology have brought with them promising methods that exploits fundamental mechanisms to achieve better thermoelectric devices. The proposal of reducing the dimensionality to significantly improve the figure of merit about the best values in bulk materials trace back to the pioneering work by Hicks and Dresselhaus [11, 12] . In particular, it was then proposed that a one-dimensional conductor whose width is narrower than the thermal de Broglie wavelength might display an enhanced figure of merit [11] . In this context, semiconductor NWs arise as ideal candidates that meet these requirements.
The present article comprises an overview of some of the fundamental attainments and breakthroughs in experimental and theoretical thermoelectric research based on NWs. They can manifest values of the figure of merit two order of magnitudes higher relative to their corresponding bulk counterparts, approaching the threshold (ZT ∼ 3) for extensive applications. After intensive research, a reasonable understanding of the factors that promote their unusually high efficiency has been reached. Independent measurements of the Seebeck coefficient, electrical conductivity and thermal conductivity have led to the conclusion that limited phonon transport by surface scattering is responsible of the observed enhanced efficiency. NWs made of topological insulators represent a step forward since their surface electron states are protected by symmetries that reduce or even suppress backscattering, preserving electron transport. In spite of all these advances, further experimental and theoretical studies will turn NWs into a noteworthy route toward efficient thermoelectric devices. 
